Large areas of mine tailings are reclaimed by applying organic amendments such as paper mill sludge (PMS). Although mining industries can use PMS freshly generated by paper mills, operational constraints on paper industries make temporary landfilling of this material an unavoidable alternative for the paper industries, creating the most prominent PMS source for mining industries. This study aimed to quantify soil greenhouse gas (GHG) emissions (N 2 O, CO 2 , and CH 4 ) after application of landfilled PMS (LPMS; i.e., excavated from a landfill site at a paper mill) and LPMS combined with a seeding treatment of white clover (Trifolium repens L.) on nonacidic mine tailings site prior to reforestation. Soil N 2 O, CO 2 , and CH 4 fluxes were measured after applications of 50 and 100 Mg dry LPMS ha −1 during two consecutive snowfree seasons on two adjacent sites; LPMS was applied once in the first season. The LPMS application increased N 2 O emissions (7.6 to 34.7 kg N 2 O-N ha −1 , comprising 1.04 to 2.43% of applied N) compared with the unamended control during the first season; these emissions were negligible during the second season. The LPMS application increased CO 2 emissions (~5800 to 11,400 kg CO 2 -C ha −1 , comprising 7 to 27% of applied C) compared with the unamended control on both sites and in both seasons. Fluxes of CH 4 were negligible. White clover combined with LPMS treatments did not affect soil GHG emissions. These new GHG emission factors should be integrated into life-cycle analyses to evaluate the C footprint of potential symbioses between the mining and paper industries. Future research should focus on the effect of PMS applications on soil GHG emissions from a variety of mine tailings under various management practices and climatic conditions to plan responsible and sustainable land reclamation.
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Greenhouse Gas Emissions after Application of Landfilled Paper Mill Sludge for Land Reclamation of a Nonacidic Mine Tailings Site
Patrick Faubert,* Simon Durocher, Normand Bertrand, Rock Ouimet, Philippe Rochette, Pascal Tremblay, Jean-François Boucher, and Claude Villeneuve T he mining industry is responsible for restoring and reclaiming extensive areas of land degraded by the tailings produced by underground mining. Mine tailings can be reclaimed by importing topsoil, but this practice is often expensive. Alternatively, land can also be reclaimed using organic amendments such as paper mill sludge (PMS; Larney and Angers, 2012) . Paper mill sludge is the main organic residue generated by wastewater treatments in the pulp and paper industry. Application of PMS on degraded lands has been shown to have positive impacts on several soil characteristics, such as organic matter content, microorganism activity, aggregate formation, water-holding capacity, and nutrient availability (Fierro et al., 1999; Piearce et al., 2003; Camberato et al., 2006; Shipitalo and Bonta, 2008; Larney and Angers, 2012; Faubert et al., 2016) . Mining industries can use PMS freshly generated by pulp and paper mills, but operational constraints such as winter conditions, hauling distances, and the timing mismatch between PMS production (daily) and land application for reclamation purposes (yearly) make temporary landfilling of PMS both an unavoidable practice for pulp and paper industries and the most prominent PMS source for mining industries. In this industrial symbiosis, landfilled PMS (LPMS) from the pulp and paper industry becomes a valuable resource for the mining industry for the reclamation of mine tailings. However, greenhouse gas (GHG) emissions from LPMS (i.e., PMS excavated from a landfill site at a paper mill) applied to reclaim mine tailings are unknown (Larney and Angers, 2012) . Therefore, a responsible PMS management plan regarding its global impact on climate change (Faubert et al., 2016) is needed, as both industries are subject to GHG inventories in the jurisdiction where the present study was conducted (the province of Quebec, Canada).
The land application of organic amendments modifies soil GHG fluxes (Thangarajan et al., 2013) . Nitrous oxide (N 2 O) is mostly produced in amended soils by nitrification and denitrification processes (Thangarajan et al., 2013) . Availabilities of N and C often control the rate of these reactions (Bouwman et al., 2002) . In C-poor soils, denitrification is limited by C availability (Chantigny et al., 2010; Pelster et al., 2012) and is usually stimulated by the addition of organic amendments (Loro et al., 1997; Mogge et al., 1999; Tenuta et al., 2000; Dambreville et al., 2006a Dambreville et al., , 2006b ) such as PMS (Baggs et al., 2002; Chantigny et al., 2013) . In contrast, lower emissions from soils receiving deinking PMS (C/N ratios of 61-71) than from an unamended control have been attributed to soil N immobilization during amendment decomposition (Chantigny et al., 2013) .
The decomposition of land-applied organic amendments increases carbon dioxide (CO 2 ) emissions from soils (Thangarajan et al., 2013) . The large amounts of PMS-organic C are known to influence several active soil C pools (Chantigny et al., 1999) and to increase microbial biomass and activity rate (Chantigny et al., 2000) . Although several examples are known, using a variety of methods, where organic amendments stimulate GHG emissions (Boeckx and Van Cleemput, 1996; Chantigny et al., 1999; Fierro et al., 2000; Rochette et al., 2000a; Thangarajan et al., 2013; Oliveira et al., 2017) , there is no known report on the in situ monitoring of soil-surface CO 2 emissions to assess the decomposition rate of PMS in reclaimed soils. Decomposition of organic matter at low redox potentials also produces methane (CH 4 ), large emissions of which have been reported after the addition of organic amendments to saturated soils (Boeckx and Van Cleemput, 1996) . In contrast, disturbance of well-aerated soils has resulted in decreased oxidation of atmospheric CH 4 by methanotrophs (Hansen et al., 1993) . The addition of LPMS to C-poor mine tailings mixed with C-rich topsoil could therefore have positive or negative impacts on the contribution of CH 4 net emissions to the soil GHG balance. However, no study has reported CH 4 emissions relative to the application of LPMS on reclaimed and degraded soil such as nonacidic mine tailings (Larney and Angers, 2012; Faubert et al., 2016) .
The Intergovernmental Panel on Climate Change (IPCC) ruled on a default emission factor of 1% of N added in the form of mineral or organic fertilizer on agricultural soils that is emitted as N 2 O-N (Eggleston et al., 2006) . No emission factor has been recommended so far for N applications on reclaimed lands to favor the establishment and growth of vegetation (Larney and Angers, 2012; Faubert et al., 2016) . Policymakers, the mining industry, and the pulp and paper industry need to know LPMS-induced emission factors (LPMS-IEF), as there is a potential demand for LPMS amendments to reclaim mine tailings. For instance, in the province of Quebec, ~12,000 ha of degraded lands (on 322 mine sites) potentially need to be restored and reclaimed after mining activities (MERN, 2017) , creating a substantial demand for LPMS amendments. In this jurisdiction, 25% of the annual PMS production of 1.3 Tg is currently landfilled; this practice will be banned by the provincial government by 2020 in favor of land application, which has been promoted as an alternative to landfilling (MDDEP, 2011; Gouvernement du Québec, 2012; MDDELCC, 2016) . In this study, it is expected that LPMS application will increase N 2 O and CO 2 emissions as a consequence of the increased mineral N (NO 3 and NH 4 ) and C availability, favoring denitrification, nitrification, and soil respiration in the C-poor study soil (Chantigny et al., 2010; Pelster et al., 2012; Oliveira et al., 2017) . The CH 4 emissions are expected to be negligible after LPMS application on this well-drained soil (Le Mer and Roger, 2001; Thangarajan et al., 2013) , possibly favoring methanotrophy. This study aimed (i) to quantify the soil GHG emissions (N 2 O, CO 2 , and CH 4 ) after a single application of LPMS and LPMS combined with a seeding treatment of white clover (Trifolium repens L.) on a nonacidic mine tailings site prior to reforestation during two consecutive snow-free seasons on two adjacent sites, and (ii) to provide field-measured LPMS-IEFs, which could decrease the uncertainty related to the GHG emissions associated with this practice (Larney and Angers, 2012; Faubert et al., 2016) . White clover was selected because it is used as a perennial soil cover for site preparation prior to reclamation by reforestation on these tailings.
Materials and Methods

Study Site and Experimental Design
The study was conducted on a nonacidic tailings impoundment facility located on a private underground mine property (Niobec, Saint-Honoré, QC, Canada; 48°32¢ N, 71°08¢ W). Mining activities started in 1975, and the mine tailings site has a total area of 62 ha. The area on which the tailings site was installed at the beginning of mining activities was first prepared by harvesting trees and removing the forest floor, which was stored on the mine site. Once a tailings area had reached its full height capacity, the forest floor removed in the past was used to cover the surface to limit spreading of the tailings particles in the surrounding environment through wind dispersion. Although forest floor materials covered the tailings, a natural mixing occurred over time with tailings from neighboring active sites. Thus, the soil is classified as a Technosol (IUSS Working Group, 2015) made from calcareous tailings (150-180 mm) covered and naturally mixed with endemic forest floor ( Table 1) .
The experimental sites were installed on a portion of the tailings site that was previously plowed with a rotary tiller (0-to 20-cm depth). The portion was divided into two adjacent experimental sites (S1 and S2), each covering a 625-m 2 area. The experimental design on each site included three LPMS treatments and two seeding treatments of white clover, replicated in three blocks and organized in a full factorial randomized complete block design with 18 experimental plots (2 ´ 2 m each) per site. The LPMS treatments consisted of targeted application rates of 0, 50, or 100 Mg dry LPMS ha −1 (Table 2 ). The seeding treatments of white clover consisted of absence and presence at rates of 0 and 12 kg ha −1 , respectively. This plant species was selected prior to reclamation of the site on these tailings for the following reasons: (i) to limit dust transport by wind, (ii) to control the competition of other undesired plant species, (iii) to avoid light competition with tree seedlings for reforestation due clover's low height, and (iv) to fix atmospheric N 2 in the soil through clover's root nodules. Buffer strips of 2.5 and 5 m were inserted between each plot and block, respectively.
The LPMS was excavated from a landfill site at a nearby (25.9 km) paper mill (Resolute Forest Products, Jonquière, QC, Canada; 48°25¢ N, 71°14¢ W). The S1 was set up on 9 to 10 July 2012 and used excavated LPMS transported to the site on 5 July 2012. The S2 was established on 4 to 5 July 2013 and used excavated LPMS that was transported to the site on 4 July 2013. On both sites, the LPMS was manually incorporated into the soil at a 10-cm depth, using a digging fork and a hand rake for surface leveling, to mimic the operational application of LPMS during reclamation on this site. White clover was seeded by hand on 17 July 2012 and 9 July 2013 for S1 and S2, respectively.
LPMS Characteristics
The LPMS consisted of mixed primary and secondary sludge generated from thermomechanical pulp and paper manufacturing processes and landfilled for ~1 yr (Tables 1 and 2 ). The excavated sludge was sampled (composite subsampling) for characterization on 6 July 2012 (S1) and 5 July 2013 (S2). Dry matter content was measured by oven drying at 105°C to a constant weight (Sheppard and Addison, 2008) . The mineral N concentration was measured by extraction with 2 mol L −1 KCl (1:10, ratio LPMS:extractant) followed by filtration (Maynard et al., 2008) . Total N content was determined after a Kjeldahl digestion (Rutherford et al., 2008) . The N concentration in the extracts was measured by an automated colorimeter (S1: Technicon Autoanalyzer II, Technicon Instruments Corporation; S2: Konelab Aqua 20, Thermo Fisher Scientific). For LPMS used on S1, the total C content was measured by loss on ignition at 485°C for a minimum of 12 h (conversion factor from organic matter to total C of 0.5; Giroux and Audesse, 2004) . For LPMS used on S2, total C was determined by dry combustion (Skjemstad and Baldock, 2008 ; LECO C230 Carbon Analyzer, LECO Corporation).
Gas Flux Measurement
Experimental designs S1 and S2 were monitored during two consecutive snow-free seasons after LPMS application (S1: 5 July to 23 Oct. 2012 and 23 Apr. to 24 Oct. 2013; S2: 4 July to 23 Oct. 2013 and 30 Apr. to 6 Oct. 2014). Soil-surface N 2 O, CO 2 , and CH 4 fluxes were measured simultaneously using non-flow-through non-steady-state chambers (Rochette and Bertrand, 2008) during the first season as follows: thrice a week for the first month after LPMS application, twice a week for the second month, and weekly throughout the remaining season. During the second season, the sampling frequency was decreased and fluxes were measured after snow melt until late October. Systematic sampling was performed up to twice a week from April until mid-May, up to once every second week from mid-May until late June, and monthly until late October, for a total of 15 sampling days throughout the second season in 2013 (S1) and 11 sampling days in 2014 (S2). Acrylic enclosures were composed of a permanent frame (0.75 ´ 0.15 ´ 0.14 m high) inserted at the center of each plot to a 0.1-m depth, and a removable chamber (0.75 ´ 0.15 ´ 0.15 m high) was sealed to the frame at the time of measurement. The height of frames above the soil surface was measured on each sampling date for the first month, then after precipitation events for the remainder of the season. The frames were accessed from the same direction in the plot, and a wood board was placed on the soil surface during GHG measurements to avoid soil compaction around the chamber caused by repeated walking. The air in the chamber headspace was sampled (20 mL) at 0, 6, 12, and 18 min after chamber deployment with a syringe through a rubber septum, and the sample was transferred immediately to pre-evacuated 12-mL glass vials (Exetainer, Labco). Gas samples, along with known standards, were analyzed within 15 d of collection using a gas chromatograph (Bruker, model 450) with Ar/CH 4 (95/5) carrier gas through a 1.75-m-long Porapak Q 80/100 column (60°C) equipped with an electron capture detector for N 2 O, and with He carrier gas through a 3.6-m-long Hayesep A 80/100 column equipped with a flame ionization detector for CH 4 , and for CO 2 after passing through a methanizer (catalyst column, Ni Nitrate 10%, 400°C). Soil N 2 O, CO 2 , and CH 4 fluxes were calculated using equations proposed by Rochette and Bertrand (2008) , in which the rate of change of chamber GHG concentration was estimated using linear or nonlinear methods. The GHG fluxes were considered greater than zero (i.e., minimum detectable flux) when changes in gas concentrations during deployment were above the analytical variability levels (N 2 O: 0.005 mmol mol −1 ; CH 4 : 0.05 mmol Table 2 . Mean (± Sd, n = 6) chemical characteristics of the applications of landfilled paper mill sludge (LPMS) on two experimental sites (S1 and S2) for the first year of the experiment on nonacidic mine tailings. ). Vegetation inside gas measurement frames was removed by hand on each sampling date, but it was left undisturbed on the remaining part of each plot. Removal was necessary to measure solely soil GHG emissions and eliminate the effect of C and N mineralization by plants on the measurement surface. The effect of white clover on soil GHG fluxes was determined indirectly.
Cumulative area-based N 2 O, CO 2 , and CH 4 emissions were calculated for the snow-free season using numerical integration and following the assumption that changes between sampling dates were linear (Chantigny et al., 2013; de Klein and Harvey, 2015) . The LPMS-IEFs were calculated by subtracting cumulative gaseous emissions from 0-Mg LPMS ha −1 plots from the cumulative gaseous emissions of 50-and 100-Mg LPMS ha −1 plots and dividing by the total amount of N or C applied during the first season.
Soil Sampling and Analyses
Soil samples were collected in 2013 during the first year of the experiment on S2 plots. Soil mineral N [(NO 2 +NO 3 )-N and NH 4 -N] was analyzed at regular intervals. Samples were taken weekly before and after LPMS application (4 and 11 July, respectively) for a month (18, 25, and 30 July and 6 August) and then monthly for the rest of the snow-free season (12 Aug., 18 Sept., and 21 Oct. 2013). Four soil cores were taken from the top 30 cm using a stainless steel probe sampler (2-cm diam.). Composite samples were made for each plot and stored in a plastic bag at 4°C within 4 h. The extraction was performed within 24 h with 1 mol L −1 KCl (1:5, soil:extractant ratio). The soil-solution mixture was agitated on a reciprocal shaker for 1 h, followed by centrifugation at 3000g for 10 min. The supernatant was filtered using Whatman #42 papers prewashed with 1 mol L −1 KCl. The extracts were stored at −18°C until analysis for (NO 2 +NO 3 )-N and NH 4 -N concentrations by an automated colorimeter (Model QuickChem 8000 FIA+, Lachat Instruments). The soil NO 2 +NO 3 and NH 4 exposures, which are integrated measures of the daily exposure of soil microorganisms to NO 2 +NO 3 and NH 4 over time, were calculated for the snow-free season using numerical integration and following the assumption that changes between sampling dates were linear (Burton et al., 2008) . On each gas sampling date, soil volumetric water content (VWC) at 20-cm depth was also measured using a portable time domain reflectometry meter (TDR 100, Fieldscout, Spectrum Technologies). Precipitation was monitored at the Environment and Climate Change Canada weather station at St-Ambroise, QC, located 17 km from the experimental site (48°34¢ N, 71°20¢ W).
Statistical Analyses
Statistical analyses were performed using JMP Pro (SAS Institute, 2015) . The treatment effects on the cumulative areabased N 2 O, CO 2 , and CH 4 emissions were tested separately for each site (S1 and S2) and snow-free season (2012: S1 [Year 1]; 2013: S1 [Year 2], S2 [Year 1]; 2014: S2 [Year 2]) using linear mixed model ANOVA. The experimental plan modeled was a randomized complete block design, with LPMS rate and seeding treatments and their interactions as fixed factors and block as a random factor. Linear and quadratic contrasts (single degree of freedom, a priori comparisons) were used to test treatment effects when the fixed factors and their interactions resulted in significant differences between the treatments. The same linear mixed model was used to test the treatment effects on the soil NO 2 +NO 3 and NH 4 exposures (2013: S2 [Year 1]). Data were log 10 -transformed when necessary to comply with assumption of homogeneity of variances. Spearman's nonparametric correlation coefficients (r) were used to test the relationships between soil VWC and soil-surface N 2 O and CO 2 fluxes. Spearman's correlations were also performed to test the relationships between cumulative area-based N 2 O emissions and soil NO 2 +NO 3 and NH 4 exposures. , Fig. 1a ). On LPMSamended plots, fluxes peaked after 7 and 6 d following application, reaching values up to 24.2 and 10.6 mg N 2 O-N m −2 h −1 on S1 and S2, respectively. On both sites, fluxes from amended plots gradually decreased to the level of unamended control during the 40 d after LPMS application and remained at this level for the remainder of the season (Fig. 1a) . There was a significant correlation between soil VWC and soil-surface N 2 O fluxes (Spearman's r = 0.2367, p < 0.0001) on S1 during the first season after application; no correlation was observed on S2. On S1, peaks in the fluxes coincided with a short period of rainfall reaching up to 28 mm (13 July 2012), whereas no such high rainfalls occurred during the peak period on S2 (Fig. 1c) . Rainfall events did not seem to affect N 2 O fluxes after the 4-wk peak period following LPMS application during the first season on both sites.
Results
Soil-Surface N 2 O Emissions
Landfilled PMS application significantly increased the cumulative area-based N 2 O emissions at both sites during the first season (Tables 3 and 4 ). Cumulative area-based N 2 O emissions from LPMS-amended plots varied from 7.56 to 34.7 kg N 2 O-N ha −1 during the first season after application and were 23 to 297 times greater than values from control plots, which ranged between 0.117 and 0.331 kg N 2 O-N ha −1 (Table 3) . Cumulative N 2 O emissions were 2.2 to 4.6 times higher for plots receiving 100 Mg LPMS ha −1 than for plots receiving 50 Mg LPMS ha −1 on both sites (Table 3) . Nitrous oxide losses were negligible during the second season after LPMS application (Table 3) . On S1 during the second season, LPMS had no significant effect on the cumulative N 2 O emissions while the effect was significant on S2, although the absolute values were still within the range of very low values for Year 2 on each site and a clear trend was not obvious from the data (Tables 3 and 4) . On both sites and seasons, the presence of T. repens had no significant effect on cumulative N 2 O emissions (Tables 3 and 4 
Soil-Surface CO 2 Emissions
Soil-surface CO 2 fluxes in control plots were <480 mg CO 2 -C m −2 h −1 on both sites throughout the first season of the experiment period (Fig. 1b) . Fluxes from LPMS-amended plots reached values up to 1531 and 681 mg CO 2 -C m −2 h −1 on S1 and S2, respectively. On S1, CO 2 fluxes reached a peak 7 d after LPMS application and returned to near-background levels at the end of the first season. On S2, large fluxes were sporadically observed on control and amended plots (i.e., at Days 8, 26, 36, and 54; Fig. 1b ). There was a significant correlation between soil VWC and CO 2 fluxes on S1 (Spearman's r= 0.2164, p < 0.0001) during the first season after application, whereas this correlation was not observed on S2.
The LPMS application significantly increased the cumulative area-based CO 2 emissions on both sites during both seasons, whereas white clover did not have significant effects (Tables 4  and 5 ). Cumulative CO 2 emissions ranged from 5784 to 11,423 kg CO 2 -C ha −1 on amended plots and from 3481 to 7635 kg CO 2 -C ha −1 on control plots. Cumulative CO 2 emissions were 1.05 to 1.31 times higher for plots receiving 100 Mg LPMS ha −1 than for plots receiving 50 Mg LPMS ha −1 (Table 5) . On both sites, LPMS-IEFs ranged from 0.0787 to 0.222 and 0.0715 to 0.272 kg CO 2 -C kg −1 C applied for the first and second years after application, respectively (Table 5) .
Soil-Surface CH 4 Fluxes
The cumulative area-based CH 4 fluxes were mainly negative at both sites and for both seasons from LPMS-amended and unamended control plots, ranging from −0.413 to −0.0121 kg CH 4 -C ha −1 (data not shown), which may have been a slight uptake as it is considered negligible in terms of contribution to overall GHG emissions. On S1, a significant interaction was observed between LPMS and T. repens treatments on the second year after LPMS application (Table 4) , but values obtained were again considered negligible (data not shown).
Soil Mineral N Concentrations
During the first season on S2, the soil (NO 2 +NO 3 )-N concentrations increased gradually after LPMS application until a peak was reached on Day 33; near-background levels were reached at the end of the season (109 d, Fig. 2a) . The soil NH 4 -N concentrations peaked 1 wk after land application and returned to nearbackground levels after 39 d (Fig. 2b) . The LPMS application significantly increased the soil NO 2 +NO 3 and NH 4 exposures, whereas T. repens treatments had no effect (Table 6 ). ; Granli and Bøckman, 1994; Bouwman, 1996; Mosier et al., 1996; Helgason et al., 2005) and within the documented range for managed boreal forest soils (0.1 to 0.6 kg N 2 O-N ha ), suggesting low anthropogenic N 2 O emissions from the nonacidic mine tailings site where endemic forest floor (topsoil) was mixed prior to reforestation. Table 4 . The P values of the ANOVA testing the effects of the applications of landfilled paper mill sludge (LPMS) combined with a seeding of white clover (Trifolium repens) on the cumulative area-based N 2 O, CO 2 , and CH 4 emissions on two experimental sites (S1 and S2) and during two snow-free seasons (Years 1 and 2, LPMS applied in Year 1) on nonacidic mine tailings. differences were considered statistically significant at P < 0.05. Linear (Lin) and quadratic (Quad) contrasts were performed when the fixed factors, and their interactions resulted in significant differences between the treatments. To the best of our knowledge, this is one of the first studies reporting N 2 O emissions from LPMS application for the reclamation of mine tailings (Larney and Angers, 2012; Faubert et al., 2016) . In this context, comparisons of the trends observed in the N 2 O emissions can only be made with studies reporting the effect of organic amendments applied on agricultural soils, the type of soil for which most of this kind of knowledge exists.
Discussion
Soil-Surface N 2 O Emissions
Delays of 6 to 7 d between LPMS application and N 2 O peak fluxes were observed. Similar delays have been observed by Chadwick et al. (2000) and Chantigny et al. (2001) with farm animal manures applied on agricultural soils, but other studies have reported much shorter periods (e.g., 18 to 24 h; Rochette et al., 2000a Rochette et al., , 2004 . Delays between LPMS application and soil (NO 2 +NO 3 )-N and NH 4 -N peak concentrations were also observed. The delays for N 2 O peak fluxes were likely influenced by NO 3 availability through denitrification, which gradually increased after LPMS application (Burton et al., 2008; Thangarajan et al., 2013) . The N 2 O peak fluxes were short lived and declined progressively to reach near-background levels after 40 d. This duration is in agreement with periods ranging from 40 to 55 d for mixed primary and secondary PMS applied on agricultural clayey soils cropped to corn (Zea mays L.; Chantigny et al., 2013) and less than 60 d in manure-amended soils (Rochette Table 5 . Mean cumulative (± Sd, n = 3) area-based CO 2 emissions and induced emission factors (IEF) after the applications of landfilled paper mill sludge (LPMS) combined with a seeding of white clover (Trifolium repens) on two experimental sites (S1 and S2) and during two snow-free seasons (Years 1 and 2, LPMS applied in Year 1) on nonacidic mine tailings.
Site
Clover LPMS application rate , and seeding rates of white clover were of 0 and 12 kg ha -1 (n = 3). Vertical dashed lines indicate LPMS application dates. Table 6 . Mean (± Sd, n = 3) soil NO 2 +NO 3 and NH 4 exposures after the applications of landfilled paper mill sludge (LPMS) combined with a seeding of white clover (Trifolium repens) on Site 2 during the first snow-free season of the experiment on nonacidic mine tailings. The P values of the ANOVA testing the treatment effects are presented with the linear (Lin) and quadratic (Quad) contrasts performed when the fixed factors and their interactions resulted in significant differences between the treatments. differences were considered statistically significant at P < 0.05. , 2008a) . These results suggest that most of the LPMSinduced N 2 O fluxes likely occur within the first 60 d after LPMS application, which may have been controlled by soil NO 2 +NO 3 and NH 4 availabilities through denitrification and nitrification (Thangarajan et al., 2013) . Nitrous oxide is produced in soils mostly as a byproduct of nitrification and an intermediate of denitrification (Davidson et al., 1986; Thangarajan et al., 2013) . Soil water content is known to influence N 2 O emissions through its effect on microbial activity and O 2 availability (Knowles, 1982) . In this study, soil moisture content was correlated with N 2 O fluxes during the first season on S1, but no correlation was observed on S2. Interestingly, N 2 O peak fluxes on S1 were associated with higher soil moisture and rainfall events, especially during the week after LPMS application, whereas no such correlations were observed on S2. Rainfall events during the first season on S2 occurred once N 2 O fluxes had declined to near-background levels, which may partly explain the lack of correlation with soil moisture. These results indicate that soil moisture content does not conclusively explain soil-surface N 2 O fluxes in this study, probably caused by different meteorological conditions on both sites for which the LPMS application (i.e., first season of measurements) were done in different years. Other studies documented a significant relationship of this variable (expressed as water-filled pore space) with N 2 O fluxes after PMS or manure application on agricultural soils (Rochette et al., 2008a; Chantigny et al., 2010 Chantigny et al., , 2013 Smith and Owens, 2010; Pelster et al., 2012) , although Jarecki et al. (2008) did not observe a strong relationship between soil water content and N 2 O flux levels in either sandy or clayey soils.
Clover
Easily oxidizable C and mineral N availability have been documented to influence N 2 O emissions through nitrification and denitrification, both in laboratory (Azam et al., 2002) and field experiments (Petersen et al., 2008; Rochette et al., 2008a) . Anoxic conditions prevailing in PMS disposal sites create suitable conditions for the production of NH 4 and easily biodegradable C compounds such as volatile fatty acids, alcohols, and phenols (Spoelstra, 1979) . This phenomenon has been documented for several organic amendments, such as pig and cattle slurries (Kirchmann and Lundvall, 1993) and poultry manure (Kirchmann and Witter, 1989) , and for organic marine sediments (Valdemarsen and Kristensen, 2010) . Easily oxidizable C compounds are rapidly used by soil microorganisms in aerobic conditions Chantigny et al., 2004) . This is consistent with N 2 O and CO 2 peak fluxes in the days after LPMS application on both sites, since respiration rate is indicative of soil available C levels and low soil O 2 concentration, thereby favoring N 2 O emissions through denitrification (Rochette et al., 2000a; van Groenigen et al., 2005; Thangarajan et al., 2013) .
Soil NH 4 availability promotes microbial activity, which may stimulate O 2 consumption and maintain anaerobic conditions at the microsite levels, in turn favoring denitrification (Azam et al., 2002) , even under apparent aerobic conditions . Also, N 2 O emissions have been documented to be correlated with soluble organic C availability in coarse-textured soils (Petersen et al., 2008; Chantigny et al., 2010) , likely through increased heterotrophic respiration and denitrifier activity (Azam et al., 2002) . The N 2 O emissions showed a positive relationship with soil NO 2 +NO 3 exposure during the first season after LPMS application on S2; soil NO 2 +NO 3 exposure was also increased by LPMS application. These observations suggest that denitrification played a role in N 2 O production in this study and was limited by labile C and NO 3 availability (Azam et al., 2002; Rochette et al., 2004 Rochette et al., , 2008a Burton et al., 2008) . Moreover, the rapid increase and subsequent decrease in CO 2 fluxes after LPMS application observed during the first season on S1 suggest that easily oxidizable C was rapidly metabolized by soil microbes, leaving recalcitrant C material such as lignin and cellulose (Camberato et al., 2006) and limited available C for denitrification.
The observed N 2 O peaks on S2 were followed by a rapid increase and subsequent decrease in NH 4 availability during the first 3 wk after application, with a peak reached after 1 wk. The N 2 O emissions were also positively correlated with soil NH 4 exposure, which was also increased by LPMS application. These results suggest that nitrification may have induced N 2 O emissions. This is in agreement with field assays reporting complete nitrification of NH 4 within 10 to 30 d after pig slurry application on agricultural soils (Chantigny et al., 2001 (Chantigny et al., , 2010 Rochette et al., 2004) . In laboratory assays led by Stevens et al. (1997) , denitrification was the dominant process at the beginning of the incubation, whereas nitrification was more important for the remainder of the experiment, contributing 70% of the overall N 2 O fluxes, regardless of soil moisture content. Nitrification was also documented to continue longer than observed N 2 O fluxes (Mulvaney et al., 1997; Williams et al., 1998) , which is coherent with the observed late NO 2 +NO 3 soil buildup observed in our experiment.
Soil-Surface CO 2 Emissions
Soil-surface CO 2 fluxes have been documented as a good indicator of organic amendment decomposition and C mineralization rates (Rochette et al., 2006) . Soil-surface CO 2 fluxes were coherent with the two phases of organic amendment decomposition generally observed (i.e., rapid decomposition followed by slow and long-term decomposition; Fierro et al., 2000; Camberato et al., 2006) . High rates of C mineralization immediately after organic amendment application are well known for liquid manures, which are rich in volatile organic compounds . The cumulative area-based CO 2 emissions were significantly increased by LPMS application. This result is consistent with increased CO 2 emissions from poultry litter application combined with cultivation of Brachiaria brizantha (Hochst. ex A. Rich.) Stapf in a bauxite-mined area under reclamation (Oliveira et al., 2017) .
N 2 O and CO 2 Emission Factors
The average LPMS-IEF values for N 2 O emissions of 1.04 to 2.43% of total applied N during the first season on both sites were higher than the averages of 0.9 and 1% reported for land application of mixed PMS on clayey soils (Chantigny et al., 2013; Faubert et al., 2015) . The LPMS-IEFs measured in the present study were also higher than the mean weighted induced emission factor of 0.02% reported in a meta-analysis on organic amendments applied to agricultural soils, for which PMS was classified in the low-risk group (Charles et al., 2017) . On the other hand, an emission factor as high as 5% was reported for PMS application on a soil that had been cropped with calabrese (Brassica oleracea italica var. cymosa; Baggs et al., 2002) . No emission factor has been reported so far for LPMS application on reclaimed land (Larney and Angers, 2012; Faubert et al., 2016) . The LPMS-IEF values obtained were generally higher than the IPCC default value of 1%, although within the range of 0.3 to 3% for mineral and organic N applications on agricultural lands (Eggleston et al., 2006) . The LPMS-IEF values reported here are consistent with other studies in Eastern Canada documenting N 2 O emissions from organic fertilizers (animal slurries and manures) applied on coarse-textured soils, with IEFs ranging between 0.2 and 2.73% (Rochette et al., 2000b Gregorich et al., 2005; Chantigny et al., 2010; Pelster et al., 2012) . Differences between emission factors are caused by multiple variables such as soil preparation, texture, and chemical characteristics; source of applied N (mineral vs. organic); and climatic conditions (Rochette et al., 2008b; Thangarajan et al., 2013) .
The LPMS-IEFs for CO 2 emissions were between 8 and 22% of total applied C after the first season and 7 to 27% after the second season. These values are much lower than the emission factors reported from land application of animal slurries and manures on agricultural soils ranging between 42 and 105% (Bernal and Kirchmann, 1992; Kirchmann and Lundvall, 1993; Gregorich et al., 1998; Rochette et al., 2004) . This is probably due to the higher content of recalcitrant C such as cellulose and lignin in LPMS compared with animal manures (Camberato et al., 2006) . Our results are also consistent with results from previous studies reporting that 40% of deinking PMS remained in the soil 2 yr after application (Chantigny et al., 1999) .
Implications for Land Reclamation of Nonacidic Mine Tailings Sites
The LPMS-IEFs reported here for N 2 O and CO 2 emissions were generally similar to or lower than the emission factors measured for land application of PMS, animal slurries, and manures on agricultural soils. In a life-cycle perspective, the direct GHG emissions from land application of LPMS for mine tailings reclamation could be offset through various ways. The LPMS used as amendments on mine tailings could decrease global GHG emissions as compared with the use of mineral N fertilizers, for which the C footprint of production is between 0.4 and 13.4 kg CO 2 eq. kg −1 N (Wood and Cowie, 2004; Brown et al., 2010) . Land reclamation of mine tailings with LPMS amendments would provide ecosystem-regulating services through C storage and sequestration and climate regulation (Larney and Angers, 2012) . The C-poor mine tailings (Table 1 ) have a great potential to store C through the input of organic matter enhanced by LPMS application (Shipitalo and Bonta, 2008; Larney and Angers, 2012) or other types of organic amendments (Shrestha and Lal, 2006; Shrestha et al., 2009; Torri et al., 2014; del Mar Montiel-Rozas et al., 2016) . Part of the C applied with LPMS could be stocked in the tailings, as reported for deinking PMS on agricultural soils (Chantigny et al., 1999) . Input of organic matter through fallen litter and roots from perennial vegetation, such as the white clover used in this study, and trees could increase the tailings C stock (Shrestha et al., 2009; Frouz, 2017; Gregorich et al., 2017; Oliveira et al., 2017) . Tree plantations on reclaimed mine tailings could benefit from fertilization with LPMS amendment, as reported in silviculture (Jackson et al., 2000) . Increased net primary productivity through plant growth on reclaimed mine tailings could increase C sequestration (Lal, 2003; Shipitalo and Bonta, 2008; Larney and Angers, 2012; Oliveira et al., 2017) , which could offset GHG emissions from reclamation operations and mine industrial processes (Shrestha and Lal, 2006; Boucher et al., 2012) . This still needs further investigation before making general assumptions.
The application of LPMS for land reclamation of mine tailings could enhance the industrial symbioses in which the residue of one industry becomes a resource for another industry (Faubert et al., 2016) . In the present case study, PMS from the landfill site of a pulp and paper mill benefitted a mine company located in the same region through tailings reclamation. Such industrial symbioses could be a sustainable solution to meet the objectives of certain jurisdictions that tend to reduce or ban landfilling of PMS (Faubert et al., 2016) , as slated by 2020 in the province of Quebec (MDDEP, 2011; Gouvernement du Québec, 2012) . In this jurisdiction, there is also a high potential for using LPMS for mine land reclamation as an alternative to landfilling, with a territory of >12,000 ha that needs to be restored or is in the restoration process (MERN, 2017) . This practice should also be examined for its potential to generate C-offset credits that could be traded on the voluntary C market, as well as on the regulated C market (e.g., the Western Climate Initiative in North America). Therefore, further research should concentrate on quantifying the direct GHG emissions from PMS landfilling, the businessas-usual scenario, compared with the alternative scenario of LPMS application for mine tailings reclamation, using life-cycle analyses (Faubert et al., 2016) . In this context, other studies are also needed on the GHG emissions from LPMS application to reduce the uncertainty of the emission factors in a variety of mine tailings, reclamation scenarios, and climatic conditions.
Conclusion
This study provided field-measured emission factors for LPMS that could be helpful in reducing the uncertainties related to the GHG emissions after land application of this soil amendment on reclaimed lands. Our results show that LPMS application on a nonacidic mine tailings site during two consecutive snow-free seasons increased soil N 2 O emissions compared with the unamended control during the first season of application, whereas the increase of CO 2 emissions lasted over both seasons. The CH 4 fluxes after LPMS application were negligible; a slight oxidation occurred on this well-drained site. The perennial white clover used for tailings reclamation did not affect soil GHG emissions. These results indicate that GHG emissions from this practice should be considered in life-cycle analyses evaluating the C footprint of industrial symbioses between the mine and pulp and paper industries, as well as by governmental authorities in their policies on PMS management practices and mine tailings reclamation. Future research should be pursued to assess the effect of LPMS and PMS applications on soil GHG emissions from a variety of mine tailings under a wide array of management and climatic conditions to plan responsible and sustainable land reclamation.
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